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Vegetable oilAbstract As conventional energy sources deplete, the need for developing alternative energy
resources which are environment friendly becomes more imperative. Vegetable oils are attracting
increased interest in this purpose. The methanolysis of vegetable oil to produce a fatty acid methyl
ester (FAME, i.e., biodiesel fuel) was catalyzed by commercial ionic liquid and its chloride
modiﬁcation. The imidazolium chloride ionic liquid was frequently chosen for the synthesis of
biodiesel. The dual-functionalized’ ionic liquid is prepared by a direct combination reaction
between imidazolium cation and various metal chlorides such as CoCl2, CuCl2, NiCl2, FeCl3
and AlCl3. Imidazolium tetrachloroferrate was proved to be a selective catalyst for the methanoly-
sis reaction at a yield of 97% when used at 1:10, catalyst: oil ratio for 8 h at 55 C. Operational
simplicity, reusability of the used catalyst for 8 times at least, high yields and no saponiﬁcation
are the key features of this methodology. The dynamic viscosity and density of the upgraded
vegetable oil decreased from 32.1 cP and 0.9227 g/cm3 to 10.2 cP and 0.9044 g/cm3 respectively,
compared to those of the base vegetable oil. The objective of this study was the synthesis and
characterization of biodiesel using commercial ionic liquid and its chloride modiﬁcation. The ionic
liquid catalysts were characterized using FTIR, Raman spectroscopy, DSC, TG and UV.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian PetroleumResearch Institute.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
Energy consumption augment is inevitable for human
existence. There are various reasons for the search of an alter-
native fuel, that is technically feasible, environmentallyacceptable, economically competitive, and readily available
and basically as an alternative to fossil fuels. The most fore-
most reason to pursue the search for alternative and health
safe fuels is the increasing demand for fossil fuels in all of
the human life activities such as transportation, power genera-
tion, industrial processes, and residential consumption [1].
World energy consumption doubled between 1971 and 2001
and the world energy demand will increase 53% by the year
2030. The second reason is that fossil-fuel resources are non-
renewable, and they will be exhausted within 40–60 years if
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instability of fossil fuel crude oil is considered as a serious
threat to countries with limited ﬁnancial and economic
resources [3]. Several alternatives of energy sources such as
wind, solar, hydro, nuclear, biofuel [4–7], and biodiesel are
already used and elevating progress is still in concern.
Exhausted vegetable oils are now being considered as a more
suitable renewable and potentially inexhaustible source of
energy that is close to diesel fuel [8] due to an advantageous
economical cost without being a burden on its nutritional
aspects. Vegetable oil trans-esteriﬁcation producing biodiesel
fuel has been efﬁciently carried out in the presence of catalysts
as ionic liquids due to their increased Lewis acidity and hence
increases their yield of biodiesel [9–12].2. Experimental
2.1. Materials
Waste vegetable oils collected from fried food companies.
Methanol, 1-butyl-3-methyl imidazolium chloride [BMIM][Cl],
Iron (III)chloride, Aluminum (III) Chloride, Cobalt (II) chloride,
Cupric (II) chloride and Nickel (II) chloride were all of Sigma
Aldrich make.2.2. Methods and procedures
2.2.1. Preparation of modiﬁed ionic liquids
The ionic liquid metal chlorides designated; [bmim][FeCl4],
[bmim][AlCl4], [bmim][CoCl4], [bmim][CuCl4], and [bmim]
[NiCl4] were prepared by a direct combination reaction
between imidazolium cation and the metal chlorides MCln
[13]. 1-Butyl-3-Methyl Imidazolium chloride [BMIM][Cl] and
xMCln (where x represents the molar ratio) were stirred under
nitrogen atmosphere at 90 C for 45 min in a three-necked
round bottom ﬂask equipped with a condenser.
The combination reaction is exempliﬁed as follows:
ð1Þ2.2.2. Characterization of the ionic liquid and its metal chlorides
modiﬁcation
The chemical structure of original ionic liquid and its metal
chlorides modiﬁcation were characterized by FT-IR spec-
troscopy, Raman spectra and UV–Vis spectrometer. FT-IR
spectra for the ionic liquid and its metal chlorides product were
recorded using a ATI Mattson Genesis FT-IR spectrometer
through the use of a KBr disc. UV–Vis absorption spectra
were recorded using a UV/Vis/NIR spectrophotometer
(Jasco-V-570), while Raman spectra were obtained using a
Raman Spectroscopy (senterra)-Braker, Germany at room
temperature in small glass tubes by using laser light of
785 nm. The thermal stability of the catalyst was determined
by Thermogravimetric analysis (TGA) and Differentialscanning calorimetry (DSC) analysis by using a TGA-50 shi-
madzu instrument, in the range of 40–600 C.2.2.3. Trans-esteriﬁcation reaction
In a three neck ﬂask equipped with a reﬂux condenser,
exhausted vegetable oil and methanol in a molar ratio of 1:9
was mixed before 5 g of metal chlorides liquid is added. The
mixture is then stirred for 8 h at 55 C. After completion of
the reaction, the product obtained was centrifuged to separate
the formed phases, the upper layer contains the biodiesel pro-
duct (methyl esters) while the middle layer contains the by-pro-
duct glycerol and the lower aqueous layers contain the ionic
liquid and the excess methanol. The upper layer (biodiesel)
was separated and washed by warm water to remove any resid-
ual glycerol or methanol, but the ionic liquid was recycled
through washing with n-hexane and dried at 70 C for 4 h.
The yield of biodiesel was calculated according to Eq. (2)
[14,15] and GC analysis. Density and viscosity were also mea-
sured for the collected biodiesel.
Yield of FAME ¼ Actual weight of biodieselðgÞ
Theoretical weight of biodieselðgÞ  100
ð2Þ3. Results and discussion
3.1. Ionic liquid characterization
3.1.1. Fourier transform infrared (FT-IR) spectroscopy
Fig. 1 illustrates the IR spectra of imidazolium chloride ionic
liquid [bmim][Cl] and its metals chloride modiﬁcation
[bmim][MCl4] in the range from 4000 to 400 cm
1. The peaks
in the range between 3000 and 2800 cm1 are characterizing
the spectra of the –C–H stretching band of the –CH2 and –
CH3 stretching vibrations of the alkyl groups located at the
nitrogen atoms of the imidazolium ring. The bands between
3200 and 3100 cm1 are assigned to all –C–H stretching vibra-
tions of the imidazolium cation [16,17] while, the skeleton
vibrations of the imidazole ring are observed at 1650–
1500 cm1 and 1450 cm1 [18], while the peak around 3600–
3200 cm1 is indicative for the –OH vibration [19]. The trans-
mission bands around 3200–3100, 3000–2800, 1650–1500, 1450
and 1200–1100 cm1 are designated for the original ionic liq-
uid and its metal chloride modiﬁcation [20]. The characteristic
bands of metals chloride modiﬁcation ionic liquid show the
same behavior as those of the original ionic liquid with a slight
shift in the position of the band and/or its intensity. This may
be due to the formation of a complex compound of the metal
chloride and the ionic liquid. This complex may be considered
as the main cause of the catalytic activity of the metals chloride
imidazolium as will be observed from the activity results of the
sole imidazolium and its metal form compounds.
3.1.2. Raman spectra
Fig. 2 shows Raman spectra of the original ionic liquid
[bmim][Cl] and its metals chloride modiﬁcation [bmim][MCl4]
Figure 1 FTIR of imidazolium ionic liquid [bmim][Cl] and its Ni, Co, Cu, Fe and Al chlorides modiﬁcation.
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the original ionic liquid [bmim]Cl shown at 85.86 and
205.77 cm1 are assigned to the vibrations of the [bmim]+ca-
tion [21] which are observed with various metals with a small
shift in position and a difference in band area. The Raman
spectrum of [bmim][FeCl4]
 and [bmim][CuCl4]
 exhibits
strong absorption bands at 315.43 and 291.42 cm1 which
are assigned to the symmetric Fe–Cl and Cu–Cl stretching
vibration [22]. The Raman spectrum of [bmim][AlCl4]
 shows,
however, a broad absorption band at 333.65 cm1, as assigned
to the symmetric Al–Cl stretching vibration of [AlCl4]
 anion
[23]. [bmim][CoCl4]
 is distinguished by two broad absorp-
tion bands at 256.61 and 325.23 cm1 assigned to the symmet-
ric Co–Cl stretching vibration of [CoCl4]
 anion [23]. The
Raman spectrum of [bmim][NiCl4]
 exhibiting weak bands
at 250 cm1 is assigned to the symmetric Ni–Cl stretching
vibration of [NiCl4]
 anion. Thus, the Raman spectroscopy
results indicate the formation of the complexes [bmim]
[NiCl4]
, [bmim][CoCl4]
, [bmim][CuCl4]
, [bmim]
[AlCl4]
 and [bmim][FeCl4]
 which will be supported by the
UV–Visible spectroscopy results.
3.1.3. UV–Vis absorption spectra
Fig. 3 exhibits the UV–Vis spectra of the original ionic liquid
[bmim][Cl] and its metals chloride modiﬁcation [bmim][MCl4].
The original ionic liquid [bmim]Cl is distinguished by one main
absorption band at 290 nm while the spectra of the metal chlo-
ride complexes differ from each other’s and show absorption
bands at 210 and 228 nm for [bmim][AlCl4]
, 342 nm
for [bmim][FeCl4]
, 432 nm for [bmim][NiCl4]
, 528 nm for
[bmim][CuCl4]
 and 682 nm for [bmim][CoCl4]
 as reportedearlier [24]. Thus, spectroscopic results prove the respective
Complexes formation (see Table 1).
3.1.4. Thermal analysis: Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA)
The differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) behavior of the original ionic liquid
[bmim][Cl] and its metals chloride modiﬁcation [bmim][MCl4]
are represented in Figs. 4 and 5. The original ionic liquid
[bmim][Cl] exhibits several endothermic peaks as the tempera-
ture is increased. The ﬁrst peak located at 42.5 C is related to
the water loss at 7.5% while, the increase of temperature was
accompanied by the successive appearance of other endother-
mic peaks, their maximum are located at 282.2 and 424.2 C
with decomposition beginning at 230 and 350 at weight loss
of 77.4% and 15.1% of sample original weight respectively. On
the other hand, the DSC and TGA behaviors of metals chlo-
ride forms [bmim][MCl4] exhibited the same peaks of the origi-
nal ionic liquid but with a slight shift, the 1st peak is a
relatively located at about 34.5, 38.5, 34.5, 40.0 and 41.5 C
indicating the loss of water of crystallization H2O for
[bmim]Cl, [bmim][NiCl4]
, [bmim][CoCl4]
, [bmim]
[CuCl4]
, [bmim][FeCl4]
 and [bmim][AlCl4]
, respectively
[25].
The addition endothermic peaks, their maximum are
located at 370.4 and 423.5 C for [bmim][NiCl4], 450.65 C
for [bmim][CoCl4]
, 219.7, 249.8, 373.7 and 429.4 C for
[bmim][CuCl4]
, 278.4 and 395.8 C for [bmim][FeCl4] and
280.3 and 419.1 C for [bmim][AlCl4], respectively. These
peaks are related to the successive decomposition of the pro-
duced type of ionic liquid metals chloride modiﬁcation, which
Figure 2 Normalized Raman spectra between 0 and 500 cm1 for the original ionic liquid [bmim][Cl] and its Ni, Co, Cu, Fe and Al
chlorides modiﬁcation.
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plexes. Also, these endothermic peaks of ionic liquid metal
chlorides modiﬁcation started to decomposed at 34.5, 325
and 410 C with weight loss of 1.6%, 63.3% and 27.1% for
[bmim][NiCl4]
, 38.5, 340 and 400 C with weight loss of
2.7%, 57.2% and 12.7% for [bmim][CoCl4]
, 34.5, 240 and
330 C with weight loss of 2.4%, 22.1% and 53.8% for[bmim][CuCl4]
, 40.0, 250 and 390 C with weight loss of
2.5%, 31.6% and 38.5% for [bmim][FeCl4]
 and ﬁnally 41.5,
260 and 375 C with weight loss of 5.6%, 31.1% and 56.6%
for [bmim][AlCl4]
. Thermogravimetric analyses indicated
that, the thermal stability of ionic liquid metals chloride mod-
iﬁcation is higher than the original one [bmim]Cl, which was
stable up to 230 C, while [bmim][NiCl4], [bmim]
Figure 3 UV–Vis absorption spectra of the original ionic liquid [bmim][Cl] and its Ni, Co, Cu, Fe and Al chlorides modiﬁcation.
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, [bmim][CuCl4]
, [bmim][FeCl4]
 and [bmim]
[AlCl4]
 were slightly stable at 325, 340, 240, 250 and
260, respectively [26,27].
3.2. Effect of ionic liquid metals chloride combination on
transesteriﬁcation reaction
3.2.1. Mechanism of the reaction
The mechanism of the transesteriﬁcation reaction catalyzed
by ionic liquid modiﬁed by metals chloride was discussed
in our previous publication [12]. The reaction mechanism
for the transesteriﬁcation of fatty acids which is comparablewith vegetable oil and methanol over original ionic liquid
[bmim][Cl] and its metals chloride modiﬁcation [bmim]
[MCl4] is shown in steps 1–5. The ﬁrst is the combination
of a carbonyl group with a proton to form a carbocation.
The ﬁnal is the reaction of the carbocation with methanol
and the formation of methyl esters (biodiesel product) and
methanol.
Step 1: Acid takes a proton (a hydrogen ion) from the ionic
liquid. The proton becomes attached to one of the
lone pairs on the oxygen which is double bonded to
the carbon.
Table 1 The weight loss of the original ionic liquid [bmim][Cl]
and its Ni, Co, Cu, Fe and Al chlorides modiﬁcation.
Samples Weight loss, %
1st peak 2nd peak 3rd peak
[bmim][Cl] 7.5 77.4 15.1%
[bmim][NiCl4]
 1.6 63.3 27.1
[bmim][CoCl4]
 2.7 57.2 12.7
[bmim][CuCl4]
 2.4 22.1 53.8
[bmim][FeCl4]
 2.5 31.6 38.5
[bmim][AlCl4]
 5.6 31.1 56.6
Figure 4 DSC curves of the original ionic liquid [bmim][Cl] and
108 F.A. Yassin et al.Step 2: The positive charge on the carbon atom is
attacked by one of the lone pairs on the oxygen
of the alcohol molecule.its Ni, Co, Cu, Fe and Al chlorides modiﬁcation.
Figure 5 TGA curves of the original ionic liquid [bmim][Cl] and its Ni, Co, Cu, Fe and Al chlorides modiﬁcation.
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atoms to the other.Step 4: A molecule of water is lost from the ion.Step 5: The hydrogen is removed from the oxygen by
reaction with the IL ion which was formed inthe ﬁrst step.3.2.2. Yield of biodiesel
Fig. 6 illustrates the relation between the original ionic liquid
[bmim]Cl and its metals chloride forms and its efﬁciency as a
catalyst for the production of biodiesel represented as yield
%. The results indicate that the yield of biodiesel yield
is increased according to the following order:[bmim]Cl
Figure 8 The density of biodiesel as a function of modiﬁcation
of ionic liquid by metals chloride.
110 F.A. Yassin et al.<[bmim][CoCl4]
 <[bmim][NiCl4]
 <[bmim][CuCl4]
 <
[bmim][AlCl4]
 <[bmim][FeCl4]
.
As noted, the trivalent metallic ions forms of Fe3+ and
Al3+ exhibit higher yields of 97% and 86%, respectively,
due mainly to their stronger Lewis acidity compared to the
bivalent metallic ions of Cu2+, Ni2+ and Co2+. The diva-
lent metal chloride forms by CuCl2, NiCl2 and CoCl2 seem
to have promoted the transesteriﬁcation process of used veg-
etable oil as indicated by their lower efﬁciency to produce
the biodiesel fuel at only 66%, 60% and 18%, respectively.
Cu, Ni and Co are all belongs to transition metals fourth cycle
elements in the periodic table with an atomic radius order:
Cu < Ni < Co which is directly proportional to its Lewis
acidity and as described by Feng et al. [28].
3.2.3. Viscosity and density
The viscosity of biodiesel is an important factor in the per-
formance of fuel in an engine as both low and high viscosi-
ties can have negative effects on engine performance. Low
viscosity liquids do not provide sufﬁcient lubrication for
the precision ﬁt of fuel injection pumps (which results in
leakage or increase of frictional wear), while high viscosity
fuel liquids lead to the formation of large droplets on injec-
tion, poor combustion and increased exhaust emissions [29].
Figs. 7 and 8 illustrate the effect metals chloride forms on
the viscosity and density of the produced biodiesel compared
to the untreated waste vegetable oil. The viscosity and den-
sity of biodiesel were found to be in the following order:
[bmim][CoCl4] >[bmim][NiCl4] >[bmim][CuCl4]
>[bmim][AlCl4]
 >[bmim][FeCl4]
.Figure 6 The yield of biodiesel as a function of modiﬁcation of
ionic liquid by metals chloride.
Figure 7 The viscosity of biodiesel as a function of modiﬁcation
of ionic liquid by metals chloride.The viscosity of biodiesel produced using [bmim][FeCl4]-
was signiﬁcantly the least at 10.2 cP. This decrease in viscosity;
compared to the modiﬁed waste oil viscosity; could probably
be due to the high ratio of conversion of the oil triglycerides
to the methyl esters biodiesel fuel, that is distinguished by a
higher ﬂuidity than its respective oil. The decrease in the bio-
diesel viscosity was also accompanied by a decrease in its den-
sity from 0.9227 to 0.9044 g/cm3, as the density is directly
proportional to the viscosity and this depends on the methyl
esters content [30].
4. Conclusions
The ionic liquid metals chloride modiﬁcation [bmim][MCln]
exhibit good catalytic performances in the transesteriﬁcation
process than the original ionic liquid [bmim]Cl. By using
[bmim][FeCl4]
 and [bmim][AlCl4]
 as catalysts in the
transesteriﬁcation process, the yield of biodiesel reached 97
and 86 wt.%, respectively. The biodiesel liquid fuel viscosity
and density were recorded at suitable liquid fuels of 10.2,
17.8 cP and 0.9048, 0.9044 g/cm3 for density, respectively.
The ionic liquid was also easily separated from the reaction
mixture; implying that these bi cation ionic liquids with imida-
zolium structure could be considered and recommended as
suitable catalysts for the synthesis of biodiesel. Among the
metal chlorides used Fe and Al proved to acquire the highest
yields and suitable biodiesel liquid fuel within the metal series
studied.
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